protein with homology to an amidase involved in cell wall metabolism. The hemF gene was mapped to 52.6 min of the E. coli chromosome. Primer extension experiments revealed a strong transcription initiation site upstream of oifl. A weak signal, possibly indicative of a second promoter, was also identified just upstream of the hemF gene. A region containing bent DNA (Bent 111), previously mapped to 52.6 min of the E. coli chromosome, was discovered in the 5' region of orfi. Two potential integration host factor binding sites were found, one close to each transcription start site. An open reading frame (o6rJ3) transcribed in a direction opposite that of the hemF gene was found downstream of the hemF gene. It encodes a protein of 40.2 kDa that showed significant homology to proteins of the XylS/AraC family of transcriptional regulators.
Heme and related tetrapyrroles are important cofactors for a number of enzymes in bacteria, eucarya, and archaea. Hence, there has been considerable interest in the pathway of heme biosynthesis and how heme biosynthesis is regulated.
The cellular levels of heme vary depending on whether the organism is growing aerobically or anaerobically (10, 13, 30) . Biochemical and genetic studies suggested the presence of two major regulatory points for oxygen. The first regulatory point was located at the formation of 5-aminolevulinic acid, an early precursor molecule for tetrapyrrolformation (19) . The second point was found at the conversion of coproporphyrinogen III to protoporphyrinogen IX, a reaction in which the propionyl groups on rings A and B are oxidatively decarboxylated to vinyl groups (8, 10, 13, 20, 30) . For both steps, two different enzymes, one that functions under aerobic conditions and one that functions under anaerobic conditions, are used. The presence of alternative enzymes for these steps most likely provides the basis for a regulatory mechanism (7, 9, 10, 15, 16, 18, 28, 37, 41, 42, (46) (47) (48) .
The aerobic coproporphyrinogen III oxidase requires molecular oxygen as an electron acceptor for the oxidative decarboxylation of coproporphyrinogen III, as described for animals, yeasts, and aerobically grown bacteria (5, 17, 31, 41, 42) . This enzyme obviously cannot function in the absence of molecular oxygen. To maintain heme biosynthesis under Bacterial and yeast strains and growth conditions. All strains used in this study are described in Table 1 . E. coli strains were cultured on Luria-Bertani medium at 37°C (34) . Ampicillin was used at a concentration of 100 p,g/ml. The heme-deficient mutants of S. cerevisiae were cultured on YPD medium containing 50 ,ug of hemin per ml (38, 49) .
Plasmids and recombinant DNA procedures. All DNA manipulations were carried out as described previously (34) unless stated otherwise. The plasmids used are listed in Table  1 . Plasmid DNA from complemented S. cerevisiae was prepared as outlined by Strathern and Higgins (39) . The inserts from the two plasmids (phemS and pheml3) obtained by complementation were liberated by HindIII digestion and cloned into the HindIII site of pBluescript SK+ to create pBlueS and pBlue13, respectively. The HindIII sites used are located on pG-1 (36) . Plasmids pBlueS and pBluel3 were subjected to unidirectional exonuclease III treatment to generate a subset of clones with various insert lengths for DNA sequencing (34) . DNA sequencing was performed with denatured double-stranded plasmid DNA by the dideoxynucleotide method with Sequenase version 2.0 (6).
Construction of the E. coli genomic library in yeast expression vector pG-i. E. coli K-12 genomic DNA was isolated as described previously (1) (2) . Transformants were selected on synthetic minimal medium containing 0.67% yeast nitrogen base (without amino acids) and with 20 mg of uracil, 30 mg of leucine, 20 mg of histidine, 20 mg of adenine sulfate, 20 g of glucose, and 50 mg of hemin per liter (38, 49) . Transformants were subsequently screened for the recovery of heme sufficiency by replica plating on the same minimal medium as that described above but without the hemin addition and with glycerol (2% [vol/vol]) instead of glucose as a carbon source.
Mapping of the 5' ends of mRNAs. Total cellular RNA was prepared from E. coli DH5a harboring pBluel3 as outlined elsewhere (1). The 5' ends of mRNAs encoded by the hemF operon were mapped by the primer extension method (4) Nucleotide sequence accession number. The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank, and DDBJ nucleotide sequence data bases under accession number X75413.
RESULTS
Complementation of a heme-deficient HEMJ3 mutant of S.
cerevisiae with E. coli genomic DNA. We sought to clone the Bgli-A420 .
--I gene for the aerobic coproporphyrinogen III oxidase of E. coli by complementation of a heme-requiring S. cerevisiae strain with a deletion of HEM13, the corresponding yeast gene. We chose this strategy for several reasons. First, at the time at which this investigation was started, an appropriate bacterial mutant was not available. Moreover, finding the gene via classical genetic techniques was expected to be difficult because the presence of two enzymes implied that the mutation of two loci would be needed to obtain a clear heme-deficient phenotype, as was found later for S. typhimurium (47) . Finally, this strategy had been used previously to isolate the yeast HEM13 gene (49) .
Heme-deficient S. cerevisiae S150-2BAHEM13 carrying a 0.7-kb deletion in the HEM13 gene was transformed with the E. coli genomic library in pG-1 via electroporation. Over 200,000 transformants were screened for the recovery of heme sufficiency on minimal medium containing glycerol as a nonfermentable carbon source. Two positive clones were obtained, and the complementing plasmid DNAs were extracted and termed phem5 and pheml3. Retransformation of both plasmids into S150-2BAHEM13 and a second HEM13 mutant strain, 25B (49) , confirmed the obtained phenotype ( Table 2 ). The transformants with phem5 and pheml3 grew as well on plates as both HEM13 mutant strains complemented with the cloned yeast HEM13 gene on pFL39-HEM13 (45) . Control transformants containing just the vector failed to grow (Table   2) .
Nucleotide sequence and organization of the E. coli hemF gene encoding coproporphyrinogen III oxidase. Plasmids phem5 and pheml3 contained inserts of approximately 4.0 and 4.5 kb, respectively. Restriction mapping revealed the presence of an overlapping region of approximately 3.2 kb (Fig. 1) . The inserts of both plasmids were recloned in pBluescript SK+ in both possible orientations for DNA sequence determinations. Three open reading frames were found ( Fig. 1 and 2 ). orfl extended from an ATG codon at position 439 to an ochre codon at position 1308 and thus could encode a protein of 289 amino acids with a calculated molecular mass of 31,663 Da. (22) , in which the hemF operon was mapped. The next line aligns the obtained structure of the hemF operon to the phage map. The structures of several clones used in this investigation are shown below. Bent 111 is a previously described region of bent DNA (43) indicating that the encoded protein possessed coproporphyThe deduced orfl protein had 92% identity to the protein rinogen III oxidase function (Table 2 ). orf2 will henceforth be deduced from orf32, found upstream of the hemF gene of S.
referred to as hemF, since this is the name of the gene for the typhimurium. Homology searches revealed strong similarity to aerobic coproporphyrinogen III oxidase in S. typhimurium the gene for N-acetylmuramoyl-L-alanine amidase from Bacil- (48) . A comparison of the E. coli polypeptide with the polypeplus subtilis (23) . Homology was also observed to a partially tide encoding a potential anaerobic coproporphyrinogen III sequenced open reading frame of unknown function upstream oxidase from R sphaeroides revealed no significant homology of the mutL gene of E. coli and S. typhimurium (25, 29) .
between the proteins. A hydrophobicity plot of the E. coli
The predicted amino acid sequence for orf2 was 43% polypeptide indicated its hydrophilic character (data not identical to that of the yeast HEM13 gene product and 90% shown). identical to that of the product of the recently cloned hemF The orf3 gene product was found to be homologous to the gene from S. typhimurium (Fig. 3) 
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of toluate metabolism in Pseudomonasputida (data not shown) (26, 33) . This family of regulatory proteins is defined by a distinctive helix-turn-helix DNA-binding motif in the C-terminal region (11) . Further studies will be needed to determine whether orf3 is involved in the regulation of heme biosynthesis.
Interestingly, the 3' region of the hemF gene of E. coli showed no significant homology to the S. typhimurium DNA sequence or the deduced amino acid sequence for this region. Detection of the proteins encoded by the cloned DNA from E. coli. In vivo translation experiments were performed with pBluel3, which contains the orfl-hemF operon in the proper orientation to be expressed from a T7 RNA polymerase promoter on the plasmid. Polypeptides of approximately 31 and 35 kDa, corresponding to the calculated molecular masses for Orfl and HemF, respectively, were observed (Fig. 4) .
Expression experiments with pBlueS, in which the cloned DNA is in the opposite orientation, yielded one labeled polypeptide of approximately 41 kDa, corresponding to the calculated molecular mass for Orf3 (Fig. 4) .
Mapping of the 5' ends of mRNAs and potential promoter elements for the hemF operon. Northern (RNA) blot analysis with a probe homologous to the hemF gene sequence indicated the presence of two differently sized transcripts originating from the hemF operon (data not shown), so the 5' region of orfl and the hemF gene were analyzed by primer extension for potential transcription start sites. One potential transcription start site (5' end of the long transcript) was located in the 5' region of orfl at position 328 and 331, approximately 110 bp upstream from the translational start site for orfl ( Fig. SB and  2) . A potential u70-dependent promoter was found upstream of this initiation site 5' of orfl at positions 292 to 297 (-35 region) and 318 to 323 ( -10 region). This promoter (ORF1-P) most likely sustains expression of the complete orfl-hemF operon. Genetic evidence indicates that in S. typhimurium, hemF can be expressed from a promoter internal to orfl; however, no transcription start site could be mapped by primer extension (48) . We found in E. coli a weak signal, possibly indicative of the hemF-specific promoter, that mapped in orfl at position 1292, 20 bp upstream from the translational start site for hemF ( Fig. 5A and 2 (22, 27) . The restriction maps of our two clones (phemS and pheml3) were identical to the Kohara map published for this region, with the exception of an additional PvuII site located at the 3' end of hemF ( Fig. 1) (27) .
Alignment of the E. coli and S. typhimurium chromosomal maps assigns min 52.6 of the E. coli chromosome to min 50 of the S. typhimurium chromosome (27) . This is the exact position mapped by Elliott and coworkers for the S. typhimurium hemF gene (47) .   FIG. 4 . In vivo expression of the genes residing on the cloned E.coli DNA fragments. Plasmid-encoded gene products were labeled with [35S]methionine as described in Materials and Methods and detected by autoradiography after the separation of proteins on SDS-polyacrylamide gels. The plasmids used are indicated above the figure and are described in Fig. 1 
DISCUSSION
We have cloned the hemF gene, encoding the aerobic coproporphyrinogen III oxidase, of E. coli. This conclusion is supported by several observations. The gene that we cloned complemented two heme-deficient yeast HEM13 mutants, which were defective in aerobic coproporphyrinogen III oxidase. The predicted gene product has 43% identity and 90% identity to the aerobic coproporphyrinogen III oxidases of S. cerevisiae and S. typhimurium, respectively (48, 49) . Finally, both the gene that we cloned from E. coli and hemF from S. typhimurium map to the corresponding positions on their chromosomes (47) .
However, the map position of the E. coli hemF gene at 52.6 min contradicts the position mapped for coproporphyrinogenaccumulating mutants of E. coli, which were isolated by Charles and coworkers (32) . These mutations (sec-20 and popB7) were mapped near the gal gene at 17 min of the chromosome. To achieve a uniform genetic nomenclature, these mutants were later renamed hemF (35) . Since these E. coli mutants obviously do not represent mutations in the hemF locus, the designation should be changed to the original popB, describing the phenotype as porphyrin-accumulating mutants.
The same conclusion was drawn by Elliott and coworkers from a genetic investigation of the S. typhimurium loci encoding coproporphyrinogen III oxidase (47) .
E. coli hemF, like S. typhimurium hemF, was found in an operon together with a gene encoding a protein (Orfl) homologous to N-acetylmuramoyl-L-alanine amidase, the product of the cwlB gene from B. subtilis (23) . It is possible that what we have identified as orfl is identical to amiA, the gene for an N-acetylmuramoyl-L-alanine amidase that has been mapped to 51 min on the E. coli chromosome (44) . orfl was also homologous to an unidentified open reading frame upstream of the mutL gene of S. typhimurium and E. coli, indicating the presence of a family of structurally related proteins in E. coli and S. typhimurium (25, 29) . These findings suggest that Orfl could be an N-acetylmuramyl-L-alanine amidase involved in cell wall metabolism. Why an enzyme of cell wall metabolism would be encoded in the same operon as an enzyme involved in heme biosynthesis is not obvious at this time.
Transcription of the yeast HEM13 gene is induced by the depletion of molecular oxygen and by low cellular levels of heme (21, 45, 49) . In bacteria, efficient utilization of two coproporphyrinogen III oxidase genes for heme synthesis under aerobic (hemF) and anaerobic (hemN) conditions presumably requires their strongly coordinated expression. The presence of two promoter elements, one for the expression of the whole operon and one specific for hemF, could provide a basis for regulating hemF expression in response to different signals. The two potential IHF binding sites (12) , a region of bent DNA (Bent 111) (43) , and a putative transcriptional regulatory protein (Orf3) encoded downstream of hemF could also have a role in hemF expression. 
